The sleeping brain differs from the waking brain in its electrophysiological and molecular properties, including the expression of growth factors and immediate early genes (IEG). Sleep architecture and homeostatic regulation of sleep in neonates is distinct from that of adults. Hence, the present study addressed the question whether the unique homeostatic response to sleep deprivation in neonates is reflected in mRNA expression of the IEG cFos, brain-derived nerve growth factor (BDNF), and basic fibroblast growth factor (FGF2) in the cortex. As sleep deprivation is stressful to developing rats, we also investigated whether the increased levels of corticosterone would affect the expression of growth factors in the hippocampus, known to be sensitive to glucocorticoid levels. At postnatal days 16, 20, and 24 rats were subjected to either sleep deprivation, maternal separation without sleep deprivation, sleep deprivation with two hours recovery sleep, or no intervention. mRNA expression was quantified in the cortex and hippocampus. cFos was increased after sleep deprivation, and was similar to control level after two hours recovery sleep irrespective of age or brain region. BDNF was increased by sleep deprivation in the cortex at P20 and P24, and only at P24 in the hippocampus. FGF2 increased during recovery sleep at all ages in both brain regions. We conclude that cortical BDNF expression reflects the onset of adult sleep-homeostatic response, while the profile of expression of both growth factors suggests a trophic effect of mild sleep deprivation.
Introduction
Neonatal sleep patterns differ from those of adults (reviewed in Davis et al. 1999 ).
In adult rats, sleep deprivation of up to 12 hrs causes an increase in the proportion of the 1-4 Hz frequency range (delta power) in the EEG during slow-wave sleep (SWS), whereby the level of increase is reliably predicted by the duration of preceding wake (Franken et al. 1991; Tobler and Borbély 1990) . Conversely, neonatal rats do not show this correlation between delta power (DP) and wake history prior to post-natal day 20 (P20) but do display a compensatory increase in the amount of SWS (Frank et al. 1998 ).
This suggests that the neonate's sleep regulatory system detects sleep loss but uses a different compensatory strategy.
In adults, the expression of a number of genes in the cortex, such as immediate early genes (IEG), and growth factors, is higher during wake than during SWS (Cirelli 2002 ; O'Hara et al. 1993; Pompeiano et al. 1994 ; Terao et al. 2003 ). This study investigated whether the distinct homeostatic response to sleep deprivation observed in neonatal rats is reflected in the pattern of gene expression. Brain derived growth factor (BDNF), basic fibroblast growth factor (FGF2), their receptors (TrkB and FGF2r, respectively), and cFos were measured after sleep deprivation and recovery sleep at P16, P20, and P24. Increased CORT levels are associated with a transient (3 hrs) increase (Marmigere et al. 2003 ) and long-term (>6 hrs) decrease of BDNF in the hippocampus (Nibuya et al. 1999 ; Ueyama et al. 1997 ). Conversely, sleep deprivation and selective paradoxical sleep (PS) JN-00894-2003 . R2 4 deprivation have been shown to have no effect on BDNF expression in the hippocampus (Sei et al. 2000 ; Taishi et al. 2001 ). Consequently, as sleep deprivation has been previously shown to induce a stress response in neonatal rats (Hairston et al. 2001 ), we expected FGF2 expression in the hippocampus to increase, and BDNF expression to either increase or remain unchanged.
We found that the onset of the sleep deprivation induced-increase in DP coincided with the onset of sleep deprivation induced-increase in BDNF in the cortex, i.e., P20.
FGF2 expression was increased during recovery sleep irrespective of age and brain region, consistent with the elevated levels of CORT.
JN-00894-2003.R2 5 Materials and methods:
Animals: A total of 107 animals were used in this study. Long-Evans rats were bred in the lab and maintained on a 12:12 light/dark cycle, at an ambient temperature of 22°C.
Food and water were available ad libitum. Day of birth was designated postnatal day 0 (P0), and litter sizes were culled to 8-12 pups. Surgery, recording, and sleep deprivation procedures were performed as previously described (Hairston et al. 2001) . Briefly, at P9, six male and female pups per litter were anaesthetized with methoxyflurane inhalant (Metofane, Mallinckrodt Veterinary, Australia). Four EEG electrodes (no. 000 stainless steel screws) were fastened bilaterally in frontal and parietal bones. Three EMG electrodes (stainless steel wire) were inserted into the nuchal muscles. All electrodes were attached to a seven-pin electric socket that was fastened to the skull with dental acrylic and the incision was sutured. After surgery pups were left to regain consciousness on a heating pad for approximately 1 h and then returned to their litter.
EEG/EMG recording:
EEG signals were recorded from either left or right hemispheres (fronto-parietal derivation) on a Grass 7 polygraph with one channel for differential EEG and one for differential EMG, per animal. EEG potentials were filtered at 0.3 and 35 Hz (1/2 max, 6 dB/octave), digitized at 100 Hz and stored in 10 sec epochs on a personal computer. The EMG signal was full-wave rectified and integrated for each epoch. The EEG signal was Fourier transformed and vigilance states were scored using a modified scoring algorithm (Frank and Heller 1997a) . Epochs with high power in 1-4 Hz range (delta power) and low EMG signal were scored as slow-wave sleep (SWS), epochs with low delta power and low EMG signal were scored as paradoxical sleep (PS), epochs with JN-00894-2003.R2 6 low delta power and high EMG signal were scored as wake. To determine the effects of sleep deprivation the amount of SWS was calculated as percent of total recording time following sleep deprivation at all ages. Vigilance state amounts were compared to timematched values obtained from no-SD animals of the same age. DP within SWS was calculated as the proportion of the mean DP in SWS during the dark phase, preceding the sleep deprivation.
Radioimmunoassay:
The radioimmunoassay was based on a procedure developed by Jacobson et al. (1993) . Briefly, triplicate samples of plasma (10 ml) were heat-denatured at 80°C. [ (Sigma, USA) ranging from 0.01ng/ml to 5ng/ml. A standard curve was produced by a non-linear least squares formula and best-fit analysis based on the F distribution. To maintain between-assay reliability, only assays in which slope coefficients were within 10% of each other's error were used. cDNA probes: We measured the mRNA expression of BDNF, TrkB, FGF2, FGF2r, cFos and b-actin using the following cDNA probes: 1127 bp rat BDNF cDNA (Rosenthal et al. 1991 ); full length (~5kb) rat TrkB cDNA (Middlemas et al. 1991 
RNA extraction and Northern blotting:
A total of 13 northern blots were generated.
Twelve blots contained total RNA from animals of the same age group, and sacrificed at the same time point, and included sleep-deprived (SD), recorded but not sleep deprived (no-SD), and litter mate controls (controls). Corresponding sets for cortical and hippocampal tissue were made for each time point and age. An additional blot contained cortical tissue samples from no-SD animals from all three age groups, sacrificed at the end of the sleep deprivation.
Total RNA was extracted from whole cortical and hippocampal samples using the TRIZOL protocol (Life technologies, GIBCO BRL). Eight mg total RNA from each sample (one animal/sample) were fractionated by electrophoresis (100mV) on 1.2% formaldehyde/agarose gel, transferred to positively charged nylon membranes The purpose of these interventions was to mimic maternal care. P20 and P24 animals were fed rat chow and water. Pups were placed in 12.5 x 12.5 x 12.5 cm acrylic incubators containing bedding from their home cage. An age-appropriate thermoneutral environment was maintained by placing the incubators in an acrylic water bath heated to 30, 27 or 24°C for P16, P20, and P24 animals, respectively. Sleep measures: During the dark phase, a significant decrease in time spent asleep, was associated with age, coupled with an equivalent increase in the amount of time spent awake. In addition there were large age differences in the overall amounts of PS and wake, but not in SWS. These effects were most pronounced during the latter part of the dark phase (see figure 2) . A two-way ANOVA with age as main factor and proportion time spent in each state within 30-min bins as a repeated measures factor was performed on the seven hours of recording from midnight to lights on. A significant decrease in time spent in PS (F(7,33)=13.6, p<.0001), a main effect of age (F(2,39)=30.1, p<.001) and an interaction of age by time (F(14,64)=2.9, p=.02), were found. An equivalent increase in the amount of time spent awake (F(7,33)=22.9, p<.0001), a main effect of age There was an age-dependent effect on DP during recovery SWS sleep. A three way ANOVA with age and sleep deprivation as main factors, and DP (in 30 min bins) as repeated measures factor, yielded a main effect of sleep deprivation (F(1,45)=44.7, p<0.001), a main effect of age (F(2,45)=15.4, p=0.008), and an interaction of sleepdeprivation with age (F(2,45)=8.0, p=0.028). This interaction was due to a lack of difference between SD and no-SD animals at P16 (contrast analysis -t(1,14)=2.15, p=0.65), small increase in delta power at P20 in the SD group (contrast analysist(1,14)=3.0, p=0.104), and a large increase at P24 (contrast analysis -t(1,14)=9.7, p=0.008).
Effects on Plasma CORT:
A summary of the effects of sleep deprivation age and recovery sleep is shown in table 1. The changes in CORT levels in no-REC animals were previously published (Hairston et al. 2001) . Briefly, CORT levels were significantly higher in SD animals at all ages compared with age-matched controls (F(2,64)=43.2, p<0.0001). A significant age-dependent increase in basal levels of CORT (F(2,64)=6.6, p=0.002) was observed. Similar analysis of the plasma collected after 2 hrs recovery sleep (REC) yielded no effect of sleep deprivation; however the age dependent increase was sustained (F(2,32)=16.8, p<0.0001). P16 and P20, but not P24 no-SD animals had higher CORT levels than littermate controls (Dunnett's t(2)=2.31, p=0.05; t(2)=2.26, p=0.05, P16 and P20, respectively). 1998). Following sleep deprivation, there were no changes in DP at P16, a small increase at P20, and a large increase at P24. Notably, Frank and Heller (1998) did not show an increase in DP at P20. This divergence from previous published findings is probably due to natural variance in maturation rate between cohorts.
In this study, the sleep deprivation duration was tittered to the different ages, based on the assumption that the ability to endure sleep deprivation increases with age. This assumption is substantiated by our previously reported observation that the amplitude of CORT increase, due to sleep deprivation, decreased with age (Hairston et al. 2001 ). Within two hours of recovery sleep, CORT levels were similar to no-SD animals, indicating that the stress response duration was similar across age groups. The conditions used for recording sleep in neonatal rats, given the right parameters (i.e., increased ambient temperature and stimulated elimination reflexes), caused a small increase in CORT levels in P16 and P20 no-SD animals, suggesting that maternal separation may have induced a mild stress response in younger animals. As CORT increases The sleep deprivation effects on cFos expression were consistent with the effects in adults. cFos levels were increased independent of age and brain region, despite varying duration of sleep deprivation and different sleep patterns between age groups. In adult rats, cFos is highly expressed both during sleep deprivation and during spontaneous wake In this study, BDNF increased in the hippocampus only of SD P24 animals, and remained elevated after recovery sleep. As the hippocampus is anatomically mature by P16, and pruning constitutes the main developmental event henceforth (Gaarskjaer 1985) , it is unlikely that our results can be explained by an age dependent-increase of excitatory input. Moreover, our findings are inconsistent with previous studies in adults in which BDNF mRNA or protein levels in the hippocampus were unaffected by total sleep deprivation ( Taishi showed that BDNF levels increased within three hours and then proceeded to decline, to below control levels, after five hours of immobilization stress. Thus, after three hours of sleep deprivation, our P24 animals would be exactly at the peak of the stress induced BDNF increase. 20 not seem to correlate with age and it has been previously shown that FGF2 administration had no effect on any sleep parameter (Knefati et al. 1995 ).
In conclusion, this study addressed the changes in gene expression after sleep deprivation in neonatal rats. It has been established that marked changes in sleep architecture, homeostatic, and circadian regulation of sleep occur throughout development. While the mechanism underlying DP increase after prolonged wake is unknown, it has been proposed to reflect experience-or use-dependent processes (Meerlo et al. 1997; Vyazovskiy et al. 2000) , and not only the time spent awake. Our findings suggest BDNF signaling as a candidate for facilitating DP increase after prolonged wake or enriched experience.
We also demonstrated that sleep deprivation increased FGF2 expression during subsequent recovery sleep. Mean in mg/dL and S.E.M. of CORT derived from the RIA. "*" denotes a significant difference between the group and control, "=" denotes difference from no-SD animals.
There was an age dependent increase in the amount of CORT (F(2,64)=6.6, p=0.002), and at all ages SD animals had high levels of CORT compared to no-SD and controls (F(2,64)=43.2, p<0.0001). After 2 hrs recovery sleep CORT levels were similar to no-SD and control sibling sacrificed at the same time point. ). In addition, at p16 and P20, but not at P24, no-SD animals had significantly higher CORT levels than their littermate controls (Dunnett's t(2)=2.31, p=0.05; t(2)=2.26, p=0.05, respectively). Gene expression after 2 hours recovery sleep. Means, S.E.M. and the results of the c 2 median test for all mRNAs shown as the ratio to b-actin expression. "=" denotes a significant difference between the SD and/or no-SD and control animals. Table 1 Effects of sleep deprivation and recovery sleep on plasma CORT levels 
